We analyse non-thermal leptogenesis after models of Majoron hilltop inflation, where the scalar field that provides masses for the right-handed neutrinos and sneutrinos via its vacuum expectation value acts as the inflaton. We discuss different realisations of Majoron inflation models with different hilltop shapes and couplings to the right-handed (s)neutrinos. To study the non-thermally produced baryon asymmetry in these models, we numerically solve the relevant Boltzmann equations. In contrast to previous studies, we include the effects from resonant sneutrino particle production during preheating. We find that these effects can result in an enhancement of the produced baryon asymmetry by more than an order of magnitude. This can significantly change the favoured parameter regions of these models. 
Introduction
Inflation [1] is a successful paradigm for the early universe, able to explain the initial conditions of the hot big bang, i.e. resolving the flatness and horizon problems. During inflation the universe undergoes a phase of accelerated expansion driven by a scalar field, the so-called inflaton. One challenge for this scenario is that the exponential expansion during inflation would dilute any preexisting baryon asymmetry, which means that a mechanism is required to generate it after inflation. Another challenge for inflation models is the fact that they have to preserve a rather flat inflaton potential for the inflationary phase, but also have to provide a coupling to other fields which allow for reheating into, finally, the Standard Model fields.
Both challenges can be resolved in models of supersymmetric Majoron hilltop inflation, where the scalar field that provides masses for the right-handed neutrinos and sneutrinos via its vacuum expectation value acts as the inflaton field which drives inflation (see e.g. [2] [3] [4] [5] [6] ). We focus on scenarios where the inflaton potential has a "hilltop-shape" (as in the realisations of [2] [3] [4] 6] ). Its flatness is protected against large radiative corrections due to the underlying supersymmetry. The coupling that leads to the right-handed (s)neutrino masses automatically provides the dominant decay mode of the inflaton. The successive decays of the right-handed (s)neutrinos into Higgs(inos) and (s)lepton doublets then allows for efficient reheating and can also generate the baryon asymmetry of the universe via nonthermal leptogenesis [7] .
In this paper, we study the prospects for generating the baryon asymmetry in such models via non-thermal leptogenesis during the reheating process. We systematically discuss realisations of Majoron hilltop inflation models and their reheating phase, including higher power operators of the inflaton field, as well as different types of operators for the generation of the right-handed neutrino masses. We provide results for the generated baryon asymmetry and the reheat temperature and discuss the differences between the various model realisations. Compared to earlier papers, which discussed non-thermal leptogenesis in specific models (cf. [2, 4] ), we include effects of preheating, in particular the non-perturbative production of sneutrino fluctuations via parametric resonance, using the results of the lattice simulations from [8] .
The paper is organised as follows: In section 2 we introduce the class of Majoron hilltop inflation and reheating models and review its predictions for the spectral index and the tensor-to-scalar ratio. Then we consider the time after inflation where we discuss effects of preheating, followed by perturbative inflaton decay. In section 3 we describe the calculation of the baryon asymmetry via the non-thermal leptogenesis mechanism. In section 4 the results for the produced baryon asymmetry and estimates for the reheat temperature are presented. The Appendix contains details on the decay rates of the inflaton and the righthanded (s)neutrino,
Majoron Hilltop Inflation Models
Different realisations of Majoron hilltop inflation models with different hilltop shapes for the inflation phase and different couplings to the right-handed (s)neutrinos for reheating and leptogenesis can be realised in the framework of supersymmetry/supergravity with the following superpotential,
which extends the superpotential of, e.g. the Minimal Supersymmetric Standard Model (MSSM). The chiral superfieldΦ contains the inflaton φ = √ 2Re[Φ] as scalar component, where the imaginary part has been set to zero as discussed in [4, 9] .X i , i = 1, . . . , 3 are the right-handed chiral neutrino superfields, with the complex scalar fields X i and the fermionic right-handed neutrino ψ χ i as components. The third term represents the Yukawa couplings to the MSSM Higgs doubletĤ u and the (s)lepton doublet superfieldsL j .Ŝ is a "driving superfield" for which we will fix its scalar component at S = 0 (during and after inflation) by a suitable non-canonical term in the Kähler potential (for a discussion, see e.g. [4, 10] ). In the following we assume that only the right-handed (s)neutrinoX 1 is lighter than the inflatonΦ such that we can ignoreX 2 andX 3 in the analysis. We will refer toX 1 simply aŝ X from now on. For simplicity we assume a canonical Kähler potential forX andΦ. 3 
Inflation Phase
From Eq. (2.1) and with S = 0 we obtain the following scalar potential for φ and χ (with χ := √ 2 |X|):
During inflation χ has zero field value and the potential for different values of p has the form shown in figure 1 . Inflation proceeds when the field φ is close to the top of the "hill", i.e. close to φ = 0, and ends when
3)
With N * denoting the number of e-folds between the horizon exit of relevant perturbations and the end of inflation the field value at horizon crossing, φ = φ * can be deduced:
By evaluating the slow-roll parameters ε φ = 1 2 m 2 pl (∂V /∂φ) 2 /V 2 and η φ at φ = φ * , the prediction for the spectral index n s and the tensor-to-scalar ratio r are given as:
where
For our analysis, we use a typical value of N * = 60. The predictions of the spectral index for models with different p and for N * ∼ 50 − 60 are shown in figure 2 . The value V 0 , i.e. the value of the scalar potential at φ = 0, can be obtained with the observed value of the scalar amplitude A s 2.2 × 10 −9 :
After Inflation

Masses of the fields
The masses of the inflaton m φ and the (s)neutrino m χ after inflation, at the minimum of the potential where φ = v and χ = 0, are given by
10) Figure 2 . Predictions of the spectral index n s in terms of N * for different values of p.
Preheating: parametric resonance
In the early reheating phase of the models, the fluctuations of the inflaton field grow exponentially during so-called tachyonic oscillations (cf. [12, 13] ). In addition, fluctuations of secondary scalar fields coupled to the inflaton can get produced via parametric resonance [14, 15] when the inflaton oscillates around its minimum. In [8] this resonance has been studied using lattice simulations (in 2D) for the example model with p = 6 and v = 10 −2 m pl . A strong resonance band has been found for 0.25 < m χ /m φ 0.5 (cf. figure 3) . A similar resonance can be found for p = 4 and other values of v.
In the following, we will use the result from [8] (with p = 6 and v = 10 −2 m pl ) as a first estimate for the initial sneutrino-to-inflaton energy density ratio α at the beginning of perturbative reheating, defined as 12) for all considered p and v. The result for α from the lattice simulation of [8] is shown in figure 3 , where we have used that the variances of the fields are related to the mean energy densities via ρ f = m 2 f δf 2 . For the future, it would be desirable to have results from 3D lattice simulations available for all p values and v ranges, however this is very computationally expensive and beyond the scope of this paper.
Using α one can express the initial inflaton and (s)neutrino energy densities in terms of the total energy density as
13)
where ρ tot is related to the Hubble parameter by 3m Figure 3 . Initial sneutrino-to-inflaton energy density ratio α = (ρ χ /ρ φ ) initial extracted from the preheating results from [8] for the p = 6 and v = 10 −2 m pl scenario.
Perturbative decay of the inflaton and the (s)neutrino
During the phase of perturbative reheating the inflaton decays into right-handed (s)neutrinos (φ → χ χ, φ → χ χ and φ → ψ χ ψ χ ) and the (s)neutrinos then decay into MSSM particles. 4 Assuming m φ > 2m χ for the lightest right-handed (s)neutrino mass and m χ m L j , m Hu , this process is kinematically allowed and the decay rates of the inflaton and the lightest right-handed (s)neutrinos are named Γ φ and Γ χ , respectively. To calculate the inflaton decay rate Γ φ we expand the scalar potential of Eq. (2.2) around the vacuum expectation value v of φ in the minimum after inflation, i.e. φ = v + δφ with small perturbations δφ, and include also the fermionic interactions from the superpotential of Eq. (2.1). We obtain:
Details on the derivation of Γ φ are given in appendix A. The right-handed (s)neutrinos decay further into Higgs(ino)s and (s)leptons (which are treated as massless in our analysis) via their Yukawa couplings, and we assume here that the decay products thermalise quickly. The (s)neutrino decay rate Γ χ is given by (cf. e.g. [4] ):
In the following, defining y 2 ≡ j |y j | 2 , we will use the estimate
4 As a complex scalar field, the sneutrino has two real components, which we denote here by χ and χ.
for the light neutrino mass generated by the lightest right-handed neutrino via the seesaw mechanism. Plugging in h u = 174 GeV gives:
The reheat temperature T RH represents the temperature when the first radiation dominated phase after inflation begins, i.e. when most of the inflatons have decayed into MSSM particles. For the case that Γ χ > Γ φ it can be estimated by the following expression (see e.g. [16] ): 19) which is obtained via an approximate analytical solution of a set of Boltzmann equations and the assumption of matter domination, i.e. H 2 3 t −1 . The total number of relativistic degrees of freedom is given by g * = 915/4 in case of the MSSM [17] . To ensure that leptogenesis is indeed non-thermal, the condition m χ T RH will be required. In the framework of supergravity, non-thermal leptogenesis has the advantage that it can work with lower T RH , which is better compatible with bounds from avoiding overproduction of gravitinos [18] [19] [20] [21] [22] , which typically imposes T RH 10 7 − 10 10 GeV (depending on the specific model).
Calculation of the Baryon Asymmetry
Boltzmann equations
The perturbative part of the reheating process can be described by the following set of Boltzmann equations:ṅ
where for a particle at rest, such as the inflaton, ρ φ = n φ m φ accounts. This set of equations describes the evolution of the number densities of the inflaton (n φ ) and the sneutrino (n χ ), and the radiation energy density ρ rad , which covers the final decay products, i.e. the (s)leptons and Higgs(ino)s and the particles produced from their decays. The last term in eq. (3.3) takes into account that the inflaton can decay into a (s)neutrino with a significant amount of kinetic energy, depending on the mass ratio m χ /m φ . The kinetic energy then red-shifts like radiation and is counted as part of ρ rad . The Hubble parameter is determined by the first Friedmann equation:
The parameter α which takes the effects of parametric resonance into account, introduced in eq. (2.12), sets the initial conditions for ρ φ = n φ m φ and ρ χ = n χ m χ . The inflaton decay gets efficient when H ∼ Γ φ . The sneutrino abundance present due to parametric resonance may already start to decay earlier at H ∼ Γ χ if Γ χ > Γ φ . The evolution of the effective lepton number density n L is covered by an additional Boltzmann equation [16] :
where represents the CP-violation per sneutrino decay. In the following, we will use the upper bound for the right-handed (s)neutrino decay asymmetry from [23] [24] [25] , 6) for calculating the maximally produced baryon asymmetry. The measured value of the mass squared difference is ∆m 2 atm 2.5 × 10 −3 eV 2 and h u = 174 GeV.
Baryon asymmetry
The maximally produced lepton asymmetry is converted into a baryon asymmetry by sphaleron processes such that n B = C/(C − 1) n L with C = 1/3 for the MSSM (cf. [17] ). A normalisation by the photon number density is common, which is deduced from the entropy density s = 7.04 n γ :
The entropy density s = 2π 2 g * T 3 /45 is given by the temperature T 4 = 30 ρ rad /g * π 2 , which in return is obtained from the radiation energy density in eq. (3.3).
Approximation via T RH and dependency of n B /n γ on n, v and m χ An analytic estimate for the baryon asymmetry can be given in terms of the reheat temperature (see e.g. [16] ): 8) which is obtained via the analytic solution of a simplified Boltzmann equation used already for the reheat temperature where matter domination has been assumed. For Γ χ Γ φ , using the reheat temperature estimate from eq. (2.19) and plugging in the form of the decay rate Γ φ given in eq. (A.8) as well as the inflaton mass from eq. (2.10), the dependencies of the baryon asymmetry on the parameters n, p, v and m χ can be extracted. For example, one can see that (in this approximation) the produced baryon asymmetry depends linearly on n:
These approximate dependencies are also confirmed by our results using Boltzmann equations. 
Results for the Baryon Asymmetry
Importance of including the effects of preheating
To illustrate the importance of including the effects of preheating, we show an example result of (n B /n γ ) max in figure 4 , obtained from solving the Boltzmann equations discussed in section (2.2). Two cases are shown, one where preheating is ignored, labeled as α = 0, and one with α = 0 where preheating effects are included as described in section 2.2. In the example we have taken the model parameters to be p = 4, n = 2, v = 10 −4 m pl and m ν = 1 meV. We find that preheating effects can enhance the produced asymmetry by almost an order of magnitude. In the present example, without them it would not be possible to explain the observed value of (n B /n γ ) = (6.19 ± 0.15) × 10 −10 which is indicated by the grey bar. Only when they are included, a sufficient baryon asymmetry can be generated within a window for the right-handed (s)neutrino mass of 5.59 × 10 7 to 8.96 × 10 7 GeV.
The maximally produced baryon asymmetry is shown again in figure 5 for parameters p = 4 and n = 2 as a function of v and m χ . On the left the effects of preheating have been ignored for the evaluation of (n B /n γ ) max , whereas on the right they have been included. The effect of preheating can be seen by the narrow band of enhanced baryon asymmetry stretching beyond the triangle visible in the left figure, i.e. preheating may lead to consistent (n B /n γ ) max for much smaller values of v and m χ .
Comparison of produced baryon asymmetry for different model parameters
To demonstrate the differences between the maximally produced baryon asymmetry in the models with n = 1, 2 and p = 4, 5, 6, we show (n B /n γ ) max as a function of m χ in figure 6 for Figure 5 . Maximally produced baryon asymmetry as a function of the right-handed (s)neutrino mass m χ and vacuum expectation value v of the inflaton field after inflation, for model parameters n = 2 and p = 4. On the left preheating effects were ignored, whereas on the right they have been included. different vacuum expectation values v. The light ("left-handed") neutrino mass, used instead of the Yukawa coupling (see eq. (2.18)), is set to m ν = 1 meV. We note that unless m ν is chosen much smaller than 1 meV, our results are insensitive to m ν .
The grey horizontal line indicates the observed value of n B /n γ = (6.19 ± 0.15) × 10 −10 . For model parameters which give a value of n B /n γ below this line it is not possible to produce sufficient baryon asymmetry via the non-thermal leptogenesis mechanism. Since we have used max for calculating the produced baryon asymmetry, model parameters which give values of n B /n γ above the grey line can also be consistent (when the actual decay asymmetry satisfies < max ).
The effect of preheating can be seen by the sudden enhancement of (n B /n γ ) max on the right side of the plots. Without preheating the asymmetry would continue to grow approximately linearly on the logarithmic scale (as the grey dotted line in figure 4) . A general feature of the results is that smaller values of m χ for fixed n and p lead to a smaller maximal asymmetry. Comparing n = 2 with n = 1 the asymmetry is increased. From the approximate formula in eq. (3.9) one can see that (n B /n γ ) max is larger by a factor of ≈ 2 for n = 2 compared to n = 1.
The figure 4 and shows that also for p = 4, n = 1, due to the preheating effects, sufficient baryon asymmetry can be produced.
Baryon asymmetry and T RH in the v-m χ plane
As we have discussed above, the cases with n = 1 and n = 2 only differ by a global factor of approximately 2. We therefore focus in this section on the case n = 2. We show our results the thermal production and washout processes can be neglected. In the region far below the dashed line thermal effects cannot be ignored and our treatment can not be applied. For the shown values of v, m χ > T RH still holds, but the results below the dashed lines should be taken with some caution. On the right of the coloured region where non-thermal leptogenesis works the decays of φ into two right-handed (s)neutrinos is kinematically forbidden (m φ < 2m χ ) and on the left it is not possible to generate the observed value (n B /n γ ) = 6.1 × 10 −10 even with a maximal decay asymmetry max . The effects of preheating on the (n B /n γ ) max results is mainly visible by the small band of enhanced asymmetry close to the m φ = 2m χ border. The importance of them has been discussed for p = 4, n = 2 within figure 5. For p = 5 and 6, preheating enhances (n B /n γ ) max as well, but unlike for p = 4 only for values of v and m χ where the generation of sufficient baryon asymmetry would have been possible also without preheating effects. On the right we show the estimates for T RH using the approximation from section 2.2. The results for T RH spread over several orders of magnitude for the different cases. The p = 4 case shows that preheating not only enhances (n B /n γ ) max but may lead to much smaller T RH as well. In fact the lowest possible reheat temperatures for all model parameters can be achieved here and lies at T RH 2 × 10 5 GeV.
Summary and Conclusions
In this paper we have investigated how non-thermal leptogenesis can be realised in models of Majoron hilltop inflation via the decays of right-handed (s)neutrinos into (s)leptons and Higgs(ino)s during the reheating process. For that purpose we have numerically solved the Boltzmann equations for the number densities of the inflaton and the (s)neutrinos, the effective lepton number density and the radiation-like energy density. For the CP-violation in the (s)neutrino decay we have used an upper bound leading to the maximally possible lepton asymmetry. Effects of preheating, namely parametric resonance, have been included and studied for the process of non-thermal leptogenesis. The lepton asymmetry is converted into the baryon asymmetry via sphaleron processes and we presented the results for the maximally possible baryon asymmetry as functions of the vacuum expectation value and right-handed (s)neutrino mass for the different model parameters. Furthermore, we have estimated the reheat temperature T RH for the different example models and studied how the required T RH is influenced by the preheating effects.
We have found that the results for the maximal baryon asymmetry are strongly influenced in a variety of ways by the different model parameters and the preheating effects: The parameter n from the model (2.1) appearing in the inflaton to (s)neutrino coupling turns out to have an approximately linear effect on the produced baryon asymmetry when all other model parameters are kept fixed, i.e. for n = 2 the baryon asymmetry is twice as large as for n = 1. The parameter p has a more complicated dependency, but if all other model parameters are kept fixed the maximal baryon asymmetry is larger for smaller p, although the largest possible values appear for larger p. Furthermore, the allowed ranges of the righthanded (s)neutrino mass get larger for larger p (c.f. table 4). Preheating effects can enhance the produced baryon asymmetry by about an order of magnitude. Due to preheating effects, for the case p = 4, also smaller values of v and m χ can produce sufficient baryon asymmetry (which would have been excluded without preheating effects). The preheating effects also have an impact on the required reheat temperature, which can now be significantly lower than previously estimated. The second term gives the relevant coupling constant for the inflaton decay into sneutrinos (whereas from the first term the sneutrino mass emerges, which is identical to the one in eq. (2.11)). Additional terms, such as higher order terms in φ or quartic terms in χ, are denoted by '...'. The coupling which covers the inflaton to neutrino decay φ → ψ χ ψ χ can be extracted from
where W χχ means that the derivative is taken twice of the superpotential W (given in eq. (2.1)) with respect to the field χ. The remaining superfields, i.e. the inflaton superfield in the present case is exchanged by its scalar component. Similar to the scalar potential, the inflaton is expanded around its minimum φ = v + δφ leading to following interaction terms: where the mass of the initial particle has been identified with m φ and the outgoing one with the (s)neutrino mass m χ . For specific cases it turns out to be useful to trade the coupling constant λ for the right-handed (s)neutrino mass m χ and the vacuum expectation value v (see eq. (2.11)): 
